We have shown that in the human peripheral blood cells, the innate immunity protein Tag7 can activate a subpopulation of CD3+CD4+CD25+ cells, which have antitumor activity. These cells can induce lysis of HLA-negative tumor cell lines. The Hsp70 stress molecule on the surface of the tumor cells is used as a recognition target, while the Tag7 protein on the lymphocyte membrane acts as a receptor for Hsp70. We have also demonstrated that this subpopulation of the CD4+CD25+ cells is CD127 positive and hence is not the Treg cells. Our data suggest that this subpopulation of cells is identical to the CD4+CD25+ lymphocytes, which are activated in the leukocyte pool by the IL-2 cytokine.
Introduction
It is now clear that the capabilities of the classical T lymphocytes (CTL) are inadequate for their use in anticancer therapy. Classical CD8+ T cells specifically detect pathogens and tumor peptide antigens presented via the MHC (HLA) class I molecule; however, tumor cells often use a strategy known as immune evasion [1] . They can block, due to mutations, the cell death transduction pathways or change the repertoire of antigens on the cell surface. In the most radical case of evasion, they completely lose their HLA components and become completely unrecognizable to the CTL [2] .
To contend with these phenomena, the body has several defense mechanisms. In addition to the classical CTL, several specialized subpopulations of lymphocytes were described that can recognize and kill the HLA-negative cells. These include the NK cells of the innate immune system [3] . Besides, there are cells, which are at the boarder of the innate and adaptive immunity, the NKT cells and γδ lymphocytes [4] [5] [6] . However, these protective systems are not perfect, and a search for lymphocytes able to deal with the immune evasion is essential not only for a comprehensive understanding of the immune defense mechanisms but also for the identification of new immunotherapeutic agents. Attention should be paid to specific subpopulations of lymphocytes. It is known that the CD8+ T lymphocytes, which have the NK-activating receptor NKG2D on their surface, acquire an NK-like activity and the ability to kill the HLA-negative tumor cells after a prolonged incubation with the IL-15 or IL-2 cytokines [7] [8] [9] .
According to our data, a prolonged incubation of lymphocytes with IL-2 leads to an activation of a subpopulation of CD4+CD25+ cells, which is able to kill HLA-negative tumor cells through the FasL-Fas interaction [10] . For a long time, the CD4+ T lymphocytes have been considered the only regulatory cells, due to their ability to secrete cytokines that regulate various processes of the immune response. Cytokines can promote phagocytic activity, generate cytotoxic CD8+ T cells, regulate the production of antibodies and inflammation, and can also suppress the immune response. Recently, it has been clearly demonstrated that CD4+ T cells have cytotoxic activity. Under certain chronic inflammatory conditions, increasing numbers of CD4+ T cells may undergo progressive differentiation, during which cells lose expression of the costimulatory molecules CD28 and CD27 and gain expression of intracellular cytotoxic granules and perforin [11, 12] . These CD28−granzyme+perforin+CD4+ T cells recognize antigenic peptide in the context of MHCII and kill antigen-carrying cells via perforin-granzyme secretion [13] . Regulatory CD4+CD25+ T cells, whose function is to suppress effector T lymphocytes, constitute a special Treg group [14] .
The mechanism of the Treg suppressor effect is not completely clear. It is known that the regulatory CD4+CD25+ subpopulations usually secrete suppressor cytokines that inhibit the activity effector cells. However, it has been suggested that Treg lymphocytes can have a direct cytotoxic effect on the cells, releasing perforin and granzymes [15] . However, no connection has been established between the cytotoxic CD4+CD25+ lymphocytes that we have described [10] and the Treg cells.
To understand the defense mechanisms employed by an organism to guard itself from tumor cells that escape immune control, it is important to consider regulatory protein molecules secreted by cells of the immune system. The innate immunity protein Tag7, also known as peptidoglycanrecognition protein or PGRP-S (PGLYRP1), is involved in the antimicrobial and antitumor protection systems [16, 17] . The gene coding for this protein was identified for the first time in our laboratory [18] . It is found in insects and mammals, and its structure is conserved [19] . Its role in the mechanism of antibacterial protection is well studied in insects. It was shown that Tag7 interacts with the Toll-like receptor, followed by activation of the transcription factor NF-κB and subsequent production of antibacterial peptides [20] .
We have studied the Tag7 participation in the antitumor protection and found that this protein demonstrates many new functional activities. We have shown that in a complex with the major heat shock protein Hsp70, it has a direct cytotoxic effect on some tumor cell lines [21] . The Tag7-Hsp70 complex is secreted by cytotoxic lymphocytes and inhibits tumor growth [21] . In a complex with the Ca 2+ -binding protein Mts1 (S100A4), Tag7 has chemoattractant activity [22] . On the surface of the CD4+CD25+ lymphocytes, Tag7 acts as a specialized receptor involved in the recognition of HLA-negative tumor cells. Recently, we have shown that it is able to induce cytotoxic activity of lymphocytes [23] .
The aim of this study was to determine whether Tag7 can activate a subpopulation of the CD4+CD25+ cytotoxic cells, to describe possible mechanisms of the cytotoxic action of these cells, and to determine whether the Treg fraction of CD4+CD25+ cells has cytotoxic activity.
Materials and Methods
2.1. Cell Culture and Sorting. K562 cells (human erythroblastoma), MOLT-4 cells (human lymphoblastoma), HeLa cells, and the L929 cells (murine fibroblasts) were cultured in DMEM and RPMI-1640, with 2 mM L-glutamine and 10% fetal calf serum (all from Invitrogen, Carlsbad, CA). Human PBMCs (peripheral blood mononuclear cells) were isolated from the total healthy donor's leukocyte pool by the FicollHypaque density gradient centrifugation, as described [24] , and cultured in RPMI-1640 at a density of 4 × 10 6 cells/mL (see above) either with the recombinant IL-2 (1000 U/mL) or with Tag7 (10 −9 M) for 6 days. Cell sorting was performed using standard magnetic bead kits (Dynal Biotech ASA, Oslo, Norway) according to the manufacturer's protocol. Results of cell sorting were always verified by flow cytometry, and there were no experiments with less than 80% purity. Specific antibodies to CD127 or Tag7 were coupled to magnetic beads coated with the anti-rabbit antibodies, following the methods of Sashchenko et al. [25] . 2.5. Statistical Analysis. Data are presented as the average ± standard deviation. All data were calculated from at least five independent biological replicates. Testing for significant differences between treatment and control was performed with MathCad software (PTC, Cambridge, MA). The statistical tests were carried out as stated in the legends of the corresponding table or figure, employing the two-way ANOVA test.
Results

The CD3+CD4+CD25+ Fraction of Cells Is
Responsible for the Tag7-Activated Cytotoxicity of the CD3+CD4+ Lymphocytes. In order to figure out if Tag7 can activate lymphocytes, we performed a comparative analysis of the accumulation of CD3+CD4+ cells in the subpopulation of human PBMC, induced either by the IL-2 cytokine or by the Tag7 innate immunity protein. PBMCs were incubated with either IL-2 or Tag7 for 6 days, and every 24 h, the percentage of standard markers, CD3 and CD4, was determined on the cell surface by flow cytometry.
As seen from the results shown in Figure 1 (a), the CD3 +CD4+ lymphocytes represent a significant portion of the PBMC, and their proportion increases with incubation time, reaching a maximum on the sixth day. At the same time, the general shape of the curve and the obtained values for the CD3+CD4+ numbers of cells are not that much different for the activation by either the IL-2 cytokine or the Tag7 protein.
These data claim that both the cytokine of adaptive immune response IL-2 and the innate immunity protein Tag7 induce in PBMC similar proportion of CD3+CD4+ cells.
For comparison, we tested the expression of surface markers CD3, CD8, CD16, and CD56 after incubation with each inducer (Figures 1(b) and 1(c) ). It can be seen that the curve profiles are identical for induction with IL-2 and Tag7 but differ for different cell subpopulations. The proportion of CD3+CD8+ lymphocytes does not change for 6 days of incubation. The proportion of NK cells is substantially lower but becomes slightly increased on the 4th day of incubation. On the 6th day of incubation, NK cells disappear. Thus, the studied population on the 6th day contains CD3+CD4+ lymphocytes and CD3+CD8+ lymphocytes and does not contain NK cells. Thus, 6-day PBMC cytotoxicity depends only on CD3+CD4+ and CD3+CD8+ lymphocytes.
Next, we questioned whether the Tag7-activated CD3+CD4+ lymphocytes are able to kill tumor cells that had escaped the immune control. Using magnetic separation, we have isolated the CD3+CD4+ cell fraction from the total PBMC pool after 6 days of incubation with the Tag7 protein.
The isolated lymphocyte fraction was added to various tumor cell lines and was tested for cytotoxic activity. The following cell lines were used: K562, MOLT-4, HeLa, and L-929. The Tag7 protein-activated CD3+CD4+ lymphocytes only killed the HLA-antigen-lacking K562 and MOLT-4 cells (Figure 4) . At the same time, we have not found any trace of cytotoxic activity against the HeLa and L929 cells, carrying HLA antigen, or their mouse analogue. The highest cytotoxic activity was observed against the K562 cells (about 25% of dead cells). Thus, the Tag7-activated CD3+CD4+ subpopulation of lymphocytes was only able to kill HLA-negative tumor cells, as has also been demonstrated for the cytokine IL-2-activated lymphocytes [10] . Previously, we have shown that on the sixth day of incubation with IL-2, the CD4+CD25+ subpopulation of lymphocytes was activated. Therefore, we wondered whether the Tag7-activated CD4 T lymphocytes are also CD25 positive. For this purpose, using magnetic separation, we have isolated subpopulations of the CD3+CD4+CD25+ and CD3+CD4+CD25− cells after 6 days of incubation of the PBMC with Tag7. The cytotoxic activity was demonstrated only by the CD3+CD4+CD25+ subpopulation, while the CD3+CD4+CD25− subpopulation was unable to cause lysis of the K562 cells (Figure 2(a) ). Thus, these results indicate that both the IL-2 cytokine and the Tag7 innate immunity protein are able to induce cytotoxic activity of the CD3+CD4+CD25+ lymphocytes after six days of incubation.
The Cytotoxic Activity of the CD3+CD4+CD25+
Lymphocytes Requires the Presence of FasL and Tag7 on the Lymphocyte Surface and a Simultaneous Presence of Fas and Hsp70 on the Surface of the Target Cell. To confirm the identity of the CD3+CD4+CD25+ lymphocyte fractions activated by either the IL-2 or Tag7, a more detailed investigation of a mechanism of cytotoxic activity of these cells was carried out.
Previously, we have shown that CD3+CD4+CD25+ lymphocytes activated by IL-2 killed HLA-negative tumor cells through the FasL-Fas interaction [23] . Here, we have tested if this is true for the CD3+CD4+CD25+ subpopulation, activated by Tag7 protein. Indeed, the preincubation of the CD3+CD4+CD25+ T lymphocytes with the anti-FasL antibodies or the preincubation of the K562 cells with the anti-Fas antibodies resulted in a complete disappearance of the cytotoxic activity (Figure 2(a) ). The removal of the FasL-bearing lymphocytes and Fas-expressing K562 cells by magnetic bead separation also resulted in the disappearance of the cytotoxic activity. The incubation of the cells with the anti-granzyme B antibodies had no effect on cytotoxicity. It should be noted that these antibodies could inhibit cytotoxicity of NK cells, purified from the PBMC on 4 days of incubation with Tag7 protein (Supplemental Figure 5) . These results indicate that, similar to the IL-2-activated lymphocytes, the CD3+CD4+CD25+ lymphocytes kill their target cells through the FasL-Fas interaction. Next, we determined how these cells recognize their targets. We have previously shown that the cytokine IL-2-activated CD3+CD4+CD25+ lymphocytes carry the innate immunity protein Tag7, which recognizes the Hsp70 heat shock protein on the surface of the K562 cells. We have previously demonstrated the presence of the Hsp70 protein on the surface of the K562 cells [10] . Here, using flow cytofluorimetry, we investigated whether Tag7 is present on the surface of the CD3+CD4+CD25+ T lymphocytes, which were activated by the Tag7 protein. As seen in Figure 2(b) , about 17% of the CD3+CD4+CD25+ T cells also carry Tag7.
Next, we tested whether Tag7 of lymphocytes and Hsp70 on the surface of the K562 cells are involved in the cytotoxic process. It is evident (Figure 2(a) ) that the preincubation of the CD3+CD4+CD25+ lymphocytes with the specific antibodies against Tag7 or the preincubation of the K562 cells with the anti-Hsp70 antibodies blocked the cytotoxic activity, suggesting that the binding of the lymphocytic Tag7 with the Hsp70 on the tumor cell surface is necessary for its subsequent killing through the FasL-Fas interaction. Addition of the control antibodies had no effect on the cytotoxicity of this lymphocyte population. As an additional control, we have shown that cytotoxicity of other T cell fraction-CD8+ T lymphocytes-is not blocked by anti-Tag7 or anti-Hsp70 antibodies (Supplemental Figure 6 ).
3.3. The Tag7-Activated CD3+CD4+CD25+ Cytotoxic Lymphocytes Are Not Treg Cells. It is known that the CD4 +CD25+ lymphocytes are often associated with the Treg subpopulation of cells, which are responsible for the suppression of the immune response in the organism that enables tumor cell survival [26] . It has been shown that unlike other nonregulatory CD4+ cell populations, Treg cells in addition to the CD4 and CD25 antigens do not carry the CD127 antigen [27] . We decided to determine whether the cells that exhibit the antitumor activity in our experiments are Treg cells or not. To this end, we have isolated subpopulations of the CD3+CD4+CD25+, CD3+CD4+CD25+Tag7+, and CD3+CD4+CD25+Tag7− cells by magnetic separation and stained cells of the CD4+CD25 high phenotype with antibodies to CD127 (Figures 3(b) and 3(c) ). As a control, the total Tag7-activated PBMC population was also stained (Figure 3(a) ). As can be seen from the results of the cytofluorimetric analysis, the CD127 antigen was located on the same cells that carry Tag7 on their surfaces. To additionally verify this finding, we have stained the CD4+CD25+CD127+ subpopulation isolated with magnetic beads, for intracellular FoxP3 (Supplemental Figure 7) . No significant increase of FoxP3 inside the cells was detected. Next, we have isolated subpopulations of the CD4+CD25+CD127+ and CD4+CD25+CD127− lymphocytes and tested their cytotoxic activity ( Figure 5 ). The CD4+CD25+CD127+ subpopulation was active, causing death of 20% of the tumor cells, while the CD4+CD25+CD127− subpopulation did not demonstrate any cytotoxic properties. Antibodies to FasL, Fas, Hsp70, and Tag7 inhibit the cytotoxic activity of the CD4+CD25+CD127+ subpopulation, while antibodies to granzyme B have no effect, although we have detected granzymes inside of lymphocytes via intracellular antibody staining (Supplemental Figure 8) . It seems that granzymes are not secreted during the interaction of this cytotoxic population with HLA-negative tumor cells.
Thus, we have demonstrated that in the human PBMC, after 6 days of incubation with the Tag7 protein, it can induce development of a subpopulation of the CD3+CD4+CD25+ CD127−FasL+Tag7+ lymphocytes, which are not Treg cells. These cells have antitumor activity.
Discussion
We have recently demonstrated a new function of Tag7 in the immune response, that is, its ability to activate the cytotoxic lymphocytes in the human peripheral blood [23] .
In this work, we have demonstrated that Tag7, after 6 days of incubation with PBMC, activates the CD4+CD25+ population of the cells different from the known CD4+ cytotoxic lymphocytes both by functional activity in immune defense and by mechanisms of cytotoxic action.
For a long time, it was believed that the regulatory function of the CD4+ T helpers is associated with either activation or inhibition of the effector lymphocytes. The heterogeneity of the CD4+ T lymphocyte population suggests a diversity of their functional activities. Previously, it was reported that the CTL CD4+ lymphocytes were detected only in T cell lines and clones in mice and humans, but those results have been deemed as artefactual [28, 29] . Recently, the cytotoxic CD4+ T lymphocytes were identified in the human PBMC, mostly during chronic viral infections [30] [31] [32] . These data show that one of the most important functions of CD4+ CTLs is an antiviral immune response, but they are also able to participate in antitumor immune response [33] , chronic inflammatory, and autoimmune responses [34, 35] .
Typically, they kill cancer cells that express MHCII on their surface [36] . We described a subpopulation of the CD4+CD25+ cytotoxic cells which is able to kill HLAnegative tumor cells; that is, these lymphocytes are involved in the fight against tumor cells that have escaped immune control.
The binding of classical cytotoxic T lymphocytes to their target cell is ensured by the interaction of TCR on the lymphocyte surface with the antigen in the context of MHC class I or II on the surface of the target cell. Cells that have lost MHC express stress proteins on their surface, which contribute to the recognition and subsequent killing of these cells by subpopulations of noncanonical lymphocytes. Stress proteins include noncanonical MHC protein families, Mic and ULP [37, 38] , as well as the major heat shock protein Hsp70.
In healthy cells, it is present only in the cytoplasm. Currently, it is well known that Hsp70 appears on the surface of many HLA-negative tumor cells [39, 40] and it is bound to the lipid rafts on the cellular membrane through the proteinlipid interactions [41] .
As was mentioned in Introduction, cytotoxic CD4+ cells recognize antigens on the surface of target cells in the context of MHCII [36] . We have demonstrated that Tag7-activated CD4+CD25+ lymphocytes kill the HLA-negative cells carrying Hsp70 protein on their surface. Tag7 on the surface of these lymphocytes interacts with Hsp70 on the surface of the target cells, ensuring the binding of these cells.
The mechanism of killing of target cells largely depends on the identity of proteins that are involved in the binding of these cells to lymphocytes. It is known that the interaction of MHC with TCR leads to a sharp increase in the intracellular concentration of Ca 2+ ions, which ensures the release of granzyme-containing granules into the contact zone [42] . During the interaction of Tag7 with Hsp70, apparently, there is no increase in the concentration of Ca 2+ ions inside the lymphocyte and there is no granzyme release, even if they are present there. These lymphocytes have FasL on their surface, and they kill HLA-negative target cells via the FasL-Fas interaction.
We first described the appearance of such CD4+CD25+ lymphocytes upon the activation of human PBMC by IL-2 cytokine. Here, we have shown that there is another activator of such lymphocytes, which is released by the immune system cells, namely, the innate immunity protein, Tag7. Perhaps, there are other regulators of cytotoxic CD4+CD25+ lymphocytes, and their identification is essential to understand the mechanisms of immune defense.
It is interesting whether there is a connection between the cytotoxic CD4+CD25+ cells we described in the Tag7-activated population and the regulatory CD4+CD25+ lymphocytes (Treg). As was mentioned in Introduction, Treg blocks the activity of the effector T lymphocytes not only through the secretion of suppressor cytokines. They can also 
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Supplementary Materials
Supplemental Figure 1 : cytolytic activity increases with purification. The CD4+ population was isolated from the 6-day LAK culture with antibody-coated magnetic beads, and the CD4+CD25+ subset was similarly isolated from CD4+. Both were incubated with K562 in standard assays at different effector-target cell ratios. Supplemental Figure 5 : the CD16+CD56+ population was isolated from the 4-day LAK culture with antibody-coated magnetic beads. Cells were incubated with K562 in standard assays with 1-hour preincubation with antibodies to FasL, Fas, and granzyme B. Supplemental Figure 6 : the CD3+CD8 + population was isolated from the 4-day LAK culture with antibody-coated magnetic beads. Cells were incubated with K562 in standard assays with 1-hour preincubation with antibodies to FasL, Fas, granzyme B, Tag7, and Hsp70. Supplemental Figure 7 : flow cytometry of FoxP3 intracellularly stained with the mouse anti-FoxP3 antibodies followed by the PE-conjugated anti-mouse antibodies. A. The CD4+CD25+CD127+ population stained by PE-conjugated anti-mouse antibodies. B. The CD4 +CD25+CD127+ population stained with the mouse antiFoxP3 antibodies followed by PE-conjugated anti-mouse antibodies. C. Total PBMC population stained with the mouse anti-FoxP3 antibodies followed by PE-conjugated anti-mouse antibodies. Supplemental Figure 8 : gating strategy for isolating the Tag7+ lymphocyte population from PBMC, purified on magnetic beads. A. Lymphocyte gating. B. Staining with the mouse anti-granzyme B antibodies followed by PE-conjugated anti-mouse antibodies. (Supplementary Materials) 
